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  
Abstract—This paper discusses the effect of receiver field-of-
view (FOV) on the power distribution and bandwidth 
performance of short-range diffuse line-of-sight (LOS) links. 
Monte Carlo simulation is used to investigate the performance of 
the links for the on-axis and off-axis scenarios in clear, coastal 
and turbid water. In both clear and coastal water, the receiver 
FOV has little influence on the on-axis power reception but has a 
significant effect on the off-axis power reception where there is 
an approximately 30 dB gain (off-axis) when the receiver FOV is 
increased from 10 to 180. However, in turbid water receiver 
FOV significantly affects the power received both on-axis and 
off-axis, with gains of 15-18 dB for the same change in receiver 
FOV. In terms of bandwidth performance, the FOV only affects 
the on-axis bandwidth in clear and coastal water but not in 
turbid water. 
 
Index Terms—underwater optical wireless communications, 
Monte Carlo simulation, power distribution, frequency response, 
bandwidth, diffuse sources, receiver field-of-view.  
 
I. INTRODUCTION 
ptical wireless communication (OWC) technologies have 
progressed greatly over the last few years with continued 
advances in component technologies. Due to its promising 
performance for high data rate communication in terrestrial 
applications, OWC is now a potential candidate for application 
in underwater communication. Specifically wavelengths in the 
blue/green region are used as they experience the lowest 
attenuation underwater [1]. Recent work has reported data 
transmission well into the Gbps range [2]; this is much higher 
than its acoustic counterpart, which is limited by low 
bandwidth, multipath propagation and high delay [3].  
A significant amount of work has been completed to 
understand and develop underwater OWC (UOWC) in various 
areas such as system design and development, channel 
modeling and characterization, and network technology. 
Several researchers have contributed to understanding the 
underwater environment by using Monte Carlo simulation [4-
6]. Apart from that, work on designing high bandwidth 
systems in the Gbps range is still ongoing since the first report 
of such a data rate by Hanson and Radic using a laser beam 
[7]. The recent work by Oubei et al. demonstrated that 4.8 
Gbps can be achieved at a distance of 5.4 m using QAM-
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OFDM [2]. Despite the high data rates achieved by those 
links, they face a considerable challenge to maintain accurate 
pointing and tracking since laser beams are highly collimated. 
Thus, several efforts to develop diffuse systems based on LED 
to ease the strict pointing requirements have been reported. An 
experiment using an omnidirectional transmitter has been 
conducted by Baiden et al. who successfully developed and 
tested an omnidirectional transmitter operating over 10 m at 
40 Mbps [8]. Pontbriand et al. also conducted an experiment 
using an omnidirectional transmitter and receiver achieving 
transmission at 5 Mbps over 200 m [9]. In both of these 
papers, no analysis of the channel characteristics such as 
power and bandwidth was conducted. Hence, this paper will 
focus on the characterization and modeling of the diffuse 
channel, particularly its power and bandwidth performance.  
Particular attention is paid to the impact of receiver field-of-
view (FOV) on the performance. In this case, the receiver 
FOV is defined as the maximum angle at which the incoming 
light can be accepted by the receiver. It should be noted that 
this paper concentrates on the limitations imposed by the 
channel only and thus does not consider bandwidth constraints 
from the LED source, the photodetector or from other system 
elements. Here, the source is diffuse in contrast to the work on 
the effect of FOV on the received power using a collimated 
source that has been reported in [4]. 
The remainder of this paper is organized as follows. In 
Section II we briefly present underwater optical properties and 
the underwater channel model. In section III we describe the 
system under study via Monte Carlo simulation. Next, we 
present numerical results to study power distribution and 
frequency response of line-of-sight (LOS) links in Section IV. 
Finally, Section V concludes the work. 
II. BACKGROUND 
A. Optical properties 
The main optical properties that affect the attenuation of 
light in water are absorption and scattering. The former occurs 
when a photon loses energy as a result of the interaction 
between photons and other molecules or particles. The latter 
happens when a photon’s initial direction is changed to 
another direction due to the interaction with other particles. 
Both of these effects are wavelength dependent and are 
generally represented by the absorption coefficient a, 
scattering coefficient b, and the attenuation coefficient c. 
Values of the coefficients have been established in the 
literature and are shown in Table 1 [10,11]. 
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 Scattering is more dominant in turbid water and causes the 
light beam to spread away from its initial direction. The effect 
of scattering on communication can be understood in two 
ways [12]. The first of these is spatial dispersions caused by 
the spreading of the beam due to the multi-scattering process 
and consequently causing the photon density to decrease at the 
receiver position. For a diffuse beam, photons that arrive at the 
receiver are spatially dispersed due to the initial beam 
distribution and also due to the environment. The second 
mechanism is temporal dispersion that results when the light 
beam reaches the receiver at different times. Due to this, there 
will be a path difference and time delay which can limit the 
bandwidth. Published work has shown that temporal 
dispersion is only significant for high data rate links (>1GHz) 
and in highly turbid water [5]. Experimental results also show 
that temporal dispersion is not observed because it is not 
significant for short distances where multi-scattering is not 
severe [2,7].  
In spite of the fact that scattering will limit the bandwidth, it 
can be useful to create a communication link when accurate 
pointing and tracking are difficult to achieve. Simulations of 
the performance of collimated beam and diffuse beam in 
turbid water show that a zone of communication can be 
established by both links with comparable performance [13].  
  
B. Channel Model 
The power received can be calculated by using the Beer-
Lambert (BL) Law as [14] 
 
exp( ( ) )oP P c z   (1) 
where PO is the transmitted power , z is the path length and 
c() is the beam attenuation coefficient. The beam attenuation 
coefficient, c() is calculated using 
 
)()()(  bac      (2) 
 
where a() is the absorption coefficient and b() is the 
scattering coefficient. It can be seen from eq. (1) that the BL 
Law only considers attenuation due to absorption and 
scattering and does not consider any collection of scattered 
light that contributed to the power received. This is because, in 
reality, some of the scattered light will be collected by the 
receiver. As a result, it underestimates the power received in 
high turbidity water where scattering is significant. Apart from 
that, the simplicity of the BL Law only applies to collimated 
beams in LOS links. An effort to create a generic channel 
model is reported by Doniec et al. where the model includes 
the light source, detectors, amplifiers and detector circuitry 
[15]. The weakness of this model is that it is limited to clear 
water where scattering is not significant. 
III. SYSTEM MODEL 
A. Simulation setup 
Monte Carlo simulation is used to model the diffuse 
underwater channel where the light beam is modelled as the 
continuous propagation of a large group of photons. A set of 
probability rules and random variables are used to model the 
initial beam distributions, path length and scattering angle. For 
a detailed description of Monte Carlo simulation, we refer 
readers to [16-17]. Three types of water are considered in this 
simulation: clear water, coastal water and turbid water. Table 
1 shows the absorption a, scattering b, and attenuation 
coefficients c, of the three types of water. 
Here, we considered a short-range diffuse LOS link with a 
receiver located 15 m away from the transmitter. At the 
receiver plane, we defined the zone of communication to be a 
square area of 10 m 10 m centered at coordinate (0,0) as 
shown in Fig. 1.The interest in this configuration is mainly to 
investigate the power received and bandwidth supported over 
the area defined. To simplify the simulation, we neglected the 
effect of turbulence, background radiation, and surface waves. 
Other simulation parameters were set as following:  the 
wavelength,  = 514 nm and the initial beam width = 2 mm. A 
relatively large receiver aperture of 10 cm was chosen to 
increase the number of the scattered photons that was 
collected.  The diffuse beam had a full angle divergence of 
15.  
 
 
Fig.1 Diffuse LOS links configuration 
 
TABLE 1 
OPTICAL PROPERTIES FOR THREE TYPES OF WATER   
 
Water type a(m-1) b(m-1) c(m-1) 
Clean water 0.114 0.037 0.151 
Coastal water  0.179 0.219 0.398 
Turbid water 0.366 1.824 2.19 
IV. SIMULATION RESULTS 
In this section, the simulation results to evaluate the effect 
of receiver FOV on the power distribution and frequency 
response are presented. Fig. 2 shows the cross section view of 
the power distribution at the receiver plane in clear water, 
coastal water and turbid water. The x-axis is the radial distance 
centered at (0,0) at the receiver plane. It is clear from Fig.2 
that as would be expected the maximum power is received at 
on-axis locations when the FOV is 180 and drops gradually 
for off-axis locations. As the receiver is moved 5 m away from 
 the center there is approximately 20 dB, 13 dB and 5 dB of 
power loss in clear water, coastal water and turbid water 
respectively. These values of power loss at off-axis locations 
are still tolerable compared to using a collimated source where 
more than 50 dB of power is lost in clear water [13]. 
 
A. Effect of receiver FOV on the power received 
  
 By referring to Fig.2, it can be seen that at the center of the 
receiver axis, increasing the receiver FOV has no effect to the 
power received in clear water and little effect to the power 
received in coastal water. A totally different observation is 
found for turbid water as there is an increase of almost 15 dB 
as the FOV is increased from 10 to 180. An interesting fact 
can be seen when the FOV is increased beyond 60, where 
there is no increase in power in clear water and only a small 
benefit in coastal and turbid water. This provides some 
insights concerning the largest angle of arrival that is useful, 
namely around 30 as 60 FOV is the full angle value. 
Additionally, it can be deduced that; the light that reaches the 
on-axis locations for clear and coastal water is dominated by 
the unscattered light as a smaller FOV of 10 is able to capture 
most of the light, whereas at on-axis location in turbid water, a 
larger receiver FOV is needed to capture most of the light 
signifying that it is dominated by multiple scattered light with 
large angle of arrivals. For off-axis locations, it is evident that 
the increase of FOV from 10 to 180 significantly affects the 
power received in all types of water where approximately 35 
dB, 27 dB and 18 dB are gained in clear water, coastal water 
and turbid water respectively.  
From these observations, it is useful to classify these 
different cases into two operating regimes depending on the 
extent of multiple scattering [12]. Both on-axis locations in 
clear and coastal water can be classified as operating in 
minimal scattering regime as unscattered light dominates 
whereas on-axis locations in turbid water and all off-axis 
locations can be classified as operating in multiple scattered 
regimes.  
B.  Effect of receiver FOV on the channel bandwidth 
The frequency response for the system was considered for 2 
locations, namely at the center of the beam (on-axis) and 5 m 
away from the center (off-axis) locations. The bandwidth 
supported by the links can be estimated from the 3 dB point. 
Fig. 3, Fig.4 and Fig.5 depict the frequency response of the 
diffuse links in clear water, coastal water and turbid water for 
both on-axis and off-axis locations. For the on-axis scenario in 
clear water, the frequency plots do not show signs of rapid 
decrease with frequency as it is dominated by unscattered 
lights. However, for off-axis locations the channel bandwidth 
can be estimated to be around 260 MHz to 420 MHz as the 
FOV is reduced from 180 to 10. In coastal water, as the 
FOV is decreased from 180 to 10, the bandwidth increased 
from 5 GHz to 10 GHz for on-axis scenario and from 116 
MHz to 290 MHz for off-axis scenario. From this observation 
we can see that FOV has a greater impact on the on-axis 
bandwidth compared to off-axis bandwidth. For turbid water, 
it can be seen that the effect of FOV on bandwidth is not so 
distinguishable for both on-axis and off-axis scenario as there 
is only slight decrease in bandwidth as the FOV is increased 
from 10 to 180. On-axis, the bandwidth decreases from 79 
MHz to 56 MHz while off-axis, the bandwidth decreases from 
74 MHz to 44 MHz. This analysis shows that in minimal 
scattering regime, receiver FOV has large influence on the 
bandwidth performance whereas in multiple scattered regimes, 
the receiver FOV has little effect to the bandwidth 
performance. 
 
 
 
Fig 2. Power distribution in clear water, coastal water and turbid water as a 
function of various receiver FOVs. 
 
 
 
Fig 3. Frequency response in clear water as a function of various receiver 
FOVs (c=0.15) 
 
  
 
 
Fig 4. Frequency response in coastal water as a function of various receiver 
FOVs (c=0.4) 
 
 
 
Fig 5. Frequency response in turbid water as a function of various receiver 
FOVs (c=2.2) 
V. CONCLUSION 
This paper investigates the power distribution and bandwidth 
limitations of diffuse links in three types of water. This study 
utilizes a propagation distance of 15 m using diffuse beams of 
15. However, by analyzing the results obtained, several 
important conclusions on the behavior of the light can be 
made. First, it can be said that in minimally scattered region, 
which is represented by on-axis locations in clear water and 
coastal water, a smaller FOV can be chosen to optimize the 
power performance as most of the light has small angle of 
arrivals. At the same time, a higher bandwidth can be obtained 
by choosing a smaller FOV.  On the other hand, for multiple 
scattered regions which are represented by the on-axis location 
in turbid water and all off-axis locations, a larger receiver 
FOV is needed to maximize the received power. Interestingly, 
this can be achieved without any significant decrease in 
bandwidth. It is believed that these findings will be beneficial 
for system designers in determining the size of receiver FOV 
in different situation where different scattering behavior is 
observed. 
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